Virus cell entry by membrane fusion {#sec0005}
===================================

In many viruses, the genome is enveloped in a lipid membrane. Viral envelope proteins anchored in the membrane fulfill indispensable functions throughout the life cycle of the virus. Envelope proteins drive virus assembly, form the protective outer shell of the virus, mediate cellular attachment and tropism, and catalyze the fusion of the viral and host cell membranes to deliver the viral genome into the cytoplasm for replication. Envelope proteins also provide a shield against the immune system of the host and bear most of the neutralizing antibody epitopes against any given virus. In viruses with more than one envelope protein, the proteins responsible for cellular attachment are as varied as the host cell receptors that they recognize. By contrast, the viral envelope proteins that catalyze the essential membrane fusion step in cell entry fall into three broad yet distinct structural classes ([Figure 1](#fig0005){ref-type="fig"} ). The influenza virus hemagglutinin (HA) is the prototype of class I fusion proteins [@bib0005], which encompass those of other orthomyxoviruses, and of paramyxoviruses [@bib0010], retroviruses [@bib0015], [@bib0020], filoviruses [@bib0025], and coronaviruses [@bib0030], [@bib0035]. The unifying structural features of class I fusion proteins are a proteolytically generated N-terminal fusion peptide, and a core consisting of three bundled α-helices in the prefusion conformation, which refolds into a six-helix bundle in the postfusion conformation [@bib0040]. Class II fusion proteins are a structurally unrelated class found in flaviviruses [@bib0045], alphaviruses [@bib0050], and most recently in rubella virus (sole member of the rubivirus genus) [@bib0055] and Rift Valley fever virus (RVFV, from the phlebovirus genus) [@bib0060]. Class II proteins share a three-domain architecture consisting almost entirely of β-strands, with a tightly folded 'fusion loop' in the central domain serving as the anchor in the cellular membrane targeted for fusion ([Figure 1](#fig0005){ref-type="fig"}) [@bib0065]. Class III fusion proteins, found in herpesviruses [@bib0070], rhabdoviruses [@bib0075], and baculoviruses [@bib0080], possess core helical bundles like class I proteins, and a central β-stranded domain bearing one or more fusion loops like class II proteins ([Figure 1](#fig0005){ref-type="fig"}). However, similarities between class II and class III proteins are likely to have arisen from convergent evolution because the fold and connectivity of the fusion domains are different in the two classes. Notably, reoviruses encode a family of fusion-associated small transmembrane (FAST) proteins that function as dedicated cell--cell fusogens. The resulting multinuclear syncytia promote viral replication by obviating the need for cell-to-cell transmission (reviewed in [@bib0085]).Figure 1Representative structures of the ectodomains of viral membrane fusion proteins from different structural families in their prefusion conformations (drawn to scale).The N terminus of each ectodomain is labeled with an 'N', whereas the C terminus of each ectodomain (labeled with a 'C') connects to the transmembrane anchor, which is missing from the crystal structures. **(A)** Structure of the influenza A virus hemagglutinin (HA). HA forms trimers on the viral surface \[Protein Data Bank (PDB) accession code 2HMG\]. HA is the prototypic class I fusion protein. **(B)** Structure of envelope glycoprotein E from tick-borne encephalitis virus (TBEV E, PDB code [1SVB](pdb:1SVB){#intr0005}). This was the first class II protein structure to be determined. **(C)** Structure of vesicular stomatitis virus glycoprotein G (VSV G, PDB code [2J6J](pdb:2J6J){#intr0010}). This structure was the first class III protein structure to be determined in the prefusion conformation. **(D)** Structure of envelope glycoprotein E2 from bovine viral diarrhea virus (BVDV), a pestivirus related to hepatitis C viruses (hepaciviruses). E2 has a novel fold (PDB code [4JNT](pdb:4JNT){#intr0015}). This was unexpected because pesti- and hepaciviruses had been predicted to contain class II fusion proteins and belong to the same *Flaviviridae* family as flaviviruses, which have class II fusion proteins (such as TBEV E). Because the E2 structure lacks the hallmarks of a fusion protein, E1 is presumed to be the fusogen. Fusion motifs are colored orange. N-Linked glycans and disulfide bonds are shown in cyan and green, respectively.

Viruses from the *Flaviviridae* family, including flaviviruses, pestiviruses, and hepaciviruses (principally hepatitis C virus, HCV), share many key characteristics. Because flaviviruses contain prototypical class II membrane fusion proteins, pestiviruses and hepaciviruses had been expected to have similar class II fusion proteins [@bib0090], [@bib0095]. However, in 2013 the larger envelope protein, E2, from the pestivirus BVDV (bovine viral diarrhea virus) was unexpectedly found to have a novel fold [@bib0100], [@bib0105]. The structure of a core fragment of E2 from HCV was subsequently found to have a novel fold unrelated to that of BVDV E2 [@bib0110]. Moreover, BVDV E2 and HCV E2 both lack the structural hallmarks of fusion proteins. Together, these discoveries suggest that E1 is the fusogen and that pesti- and hepaciviruses contain a new class (or classes) of membrane fusion machinery. The evolutionary implications of this and other recently identified unexpected structural relationships between fusion proteins across virus families are discussed.

A conserved overall mechanism and topology of catalysis of viral membrane fusion {#sec0010}
================================================================================

Structural studies of viral envelope proteins have revealed certain overarching commonalities in the membrane fusion mechanisms of viruses across different families. Crystal structures of fusion proteins from classes I, II, and III before and after the conformational change that catalyzes membrane fusion provide a molecular outline of their respective fusion mechanisms (reviewed in [@bib0005], [@bib0040], [@bib0115], [@bib0120]). Complementing these pre- and postfusion structures, structures thought to represent fusion intermediates provide invaluable insights on the steps required for fusion [@bib0060], [@bib0120], [@bib0125], [@bib0130], [@bib0135], [@bib0140], [@bib0145], [@bib0150], [@bib0155]. The paradigm that has emerged is that, despite the existence of three distinct fusion protein architectures and significant structure divergence within each class, all viral fusion proteins catalyze membrane fusion with a common overall mechanism and topology ([Figure 2](#fig0010){ref-type="fig"} ) [@bib0040], [@bib0080], [@bib0115], [@bib0120], [@bib0160], [@bib0165]. Fusion proteins from all three classes respond to one or more environmental cues -- such as low pH, coreceptor binding, or disulfide bond exchange -- by exposing a hydrophobic fusion motif previously shielded from the solvent ([Figure 2](#fig0010){ref-type="fig"}B). The fusion motif, an N-terminal 'fusion peptide' in class I proteins or internal fusion loops in class II and class III proteins, spontaneously inserts into the outer bilayer leaflet of the host cell membrane ([Figure 2](#fig0010){ref-type="fig"}C). This extended conformation, postulated for all viral fusion proteins and recently observed in a bunyavirus protein [@bib0060], is called the prehairpin intermediate ([Figure 2](#fig0010){ref-type="fig"}C). The fusion protein then folds back on itself, directing its C-terminal transmembrane anchor towards the fusion motif ([Figure 2](#fig0010){ref-type="fig"}D). This fold-back forces the host cell membrane (held by the fusion motif) and the viral membrane (held by the transmembrane anchor) against each other, resulting in fusion of the outer leaflets of the two membranes to form a hemifusion intermediate ([Figure 2](#fig0010){ref-type="fig"}E), followed by fusion of the distal leaflets to form a fusion pore and complete fusion [@bib0165] ([Figure 2](#fig0010){ref-type="fig"}F). The oligomeric state of fusion proteins vary before fusion, but all fusion proteins undergo the fusogenic fold-back as trimers and are trimeric in the postfusion conformation ([Figure 3](#fig0015){ref-type="fig"} ). Moreover, postfusion trimers from all three classes have been reported to form interacting networks [@bib0170], [@bib0175], [@bib0180], [@bib0185], which have been proposed to be required for fusion pore expansion [@bib0190], [@bib0195]. The conservation of trimeric postfusion states across structural classes may be coincidental, but it is possible that trimeric assemblies have been selected because they provide the optimal balance of stability and susceptibility to the first fold-back event. Indeed, because fusion requires multiple trimers to fold back cooperatively [@bib0190], prehairpins cannot be too short-lived but should fold back rapidly once fold back has been initiated. Like a three-legged stool, a trimeric prehairpin intermediate may have a favorable degree of stability (necessary for multiple prehairpins to accumulate on the viral surface), but is rapidly destabilized once the first subunit begins to fold back (allowing multiple trimers to refold cooperatively).Figure 2Membrane fusion mechanism of enveloped viruses. This figure was created with class II fusion proteins in mind but the overall mechanism and topology are conserved across all structural classes. **(A)** A viral envelope protein binds to a cell surface receptor. Most viruses are endocytosed. **(B)** Environmental cues such as low endosomal pH (shown here) or coreceptor binding (not shown) cause the ectodomain of the fusion protein to hinge away from the viral surface, exposing a hydrophobic fusion motif. **(C)** The fusion motif inserts into the cell membrane, promoting trimer formation if the prefusion conformation is not trimeric. **(D)** The fusion protein folds back on itself, directing the fusion loop towards the C-terminal transmembrane anchor. The refolding energy bends the apposed membranes. **(E)** Creation of new contacts during refolding of the fusion protein leads first to hemifusion and then, **(F)**, to formation of a lipidic fusion pore.Figure 3Conformational changes associated with membrane fusion in the different structural classes of membrane fusion proteins. In all classes, a fusion motif (orange) that is shielded from the solvent in the prefusion conformation (left column) becomes exposed in response to environmental cues (e.g., low pH or coreceptor binding). The fusion motif inserts into the cell membrane and the protein folds back on itself, forcing the fusion motif and the C-terminal transmembrane domain (not shown) anchored in the viral membrane towards each other. The proteins are trimeric in their postfusion conformations (right column). **(A)** In class I fusion proteins, such as influenza A virus hemagglutinin (Flu HA) shown here, membrane fusion is catalyzed by extensive refolding and secondary structure rearrangements of prefusion trimers to form a six-helix bundle \[Protein Data Bank (PDB) codes 2HMG, 1HTM, 1QU1\]. **(B)** Class II proteins usually form icosahedral shells in infectious virions. The envelope proteins respond to the reduced pH of an endosome with a repositioning of the three domains with only minor changes in secondary structure. The proteins form trimers during the fusion transition and the fusion loop in the central domain is directed towards the viral transmembrane anchor. The pre- and postfusion conformations of dengue type 2 virus E (DEN E) are shown here (PDB codes [1OKE](pdb:1OKE){#intr0020}, [1OK8](pdb:1OK8){#intr0025}). **(C)** Class III proteins are trimeric before and after fusion and undergo extensive refolding during the fusion transition like class I fusion proteins, but they contain internal fusion loops like class II proteins. The pre- and postfusion structures of vesicular stomatitis virus G (VSV G) are shown here (PDB codes [2J6J](pdb:2J6J){#intr0030}, [2CMZ](pdb:2CMZ){#intr0035}). **(D)** The structure of envelope glycoprotein E2 from the pestivirus bovine viral diarrhea virus (BVDV) has been proposed to serve as a molecular scaffold for E1, which may define a new structural class of fusion machinery (PDB code [4JNT](pdb:4JNT){#intr0040}). The structure of envelope protein E1 (gray) and the nature of the fusogenic conformational change remain unknown. The outer leaflets of the viral and cellular membranes are represented in green and cyan, respectively.

The E2 envelope glycoproteins from BVDV and HCV adopt novel folds {#sec0015}
=================================================================

The *Flaviviridae* family contains four genera: flavivirus, pestivirus, pegivirus (GB viruses), and hepacivirus (HCV). Among these genera, pestiviruses and pegiviruses are the most closely related to HCV, a serious and persistent global health threat [@bib0200]. Until 2013, envelope protein structures were available only from the flavivirus genus. Envelope proteins from pesti- and hepaciviruses had been predicted to have class II folds based on the disulfide-bonding pattern [@bib0090] and amino acid sequence analysis of the E1 and E2 envelope proteins [@bib0095]. It was therefore surprising when two groups discovered in 2013 that the larger envelope protein, E2, from the pestivirus BVDV is not a class II fusion protein [@bib0100], [@bib0105]. Instead, the BVDV E2 ectodomain has a novel architecture, spanning a total of 140 Å and consisting of two immunoglobulin (Ig)-like domains followed by a unique elongated β-stranded domain (domain III) and a membrane anchor ([Figure 1](#fig0005){ref-type="fig"}D). The overall fold and topology of BVDV E2 domain III bears no significant similarity to previously determined protein structures. The structure of a core fragment of HCV E2 was subsequently determined and found to have a novel globular architecture, distinct from that of BVDV E2, with an Ig-like β-sandwich at its core [@bib0110]. Notably, both BVDV E2 and HCV E2 lack an internal or terminal fusion motif with an obvious resemblance to those of other viral fusion proteins. Moreover, BVDV E2 forms tightly associated dimers but the dimerization interface, which contains a large cluster of conserved aromatic residues, is very different from that of flavivirus E proteins ([Figure 3](#fig0015){ref-type="fig"}) [@bib0100]. The structures of BVDV E2 and HCV E2 provide striking examples of how structurally divergent viral envelope proteins can be within a single virus family.

E1 from pesti- and hepaciviruses may define a new class of membrane fusogen {#sec0020}
===========================================================================

The novel structures of BVDV E2 and HCV E2 lack the structural hallmarks of membrane fusion proteins such as a hydrophobic fusion motif (found in all classes of fusion protein), a helical core (as in classes I and III), or a flexible multidomain structure (as in classes II and III). This suggests that E1 is the fusion protein in pesti- and hepaciviruses. Indeed, E1 has been proposed to bear the fusion motif in both genera [@bib0100], [@bib0105], [@bib0205]. As the fusion protein, E1 would have to at least transiently extend to span the distance between the cellular and viral membranes prior to membrane fusion, approximately 20 nm [@bib0140]. E1 would have to adopt a highly elongated fold in order to span 20 nm. With its ectodomain of less than 180 amino acids, E1 is too small to have a class II or class III fold that could span 20 nm. Additionally, secondary structure predictions suggest that approximately 30% of the E1 ectodomain is α-helical, which is inconsistent with a class II or class III architecture. Coiled-coils efficiently form rigid, highly elongated structures, thus it is possible that predicted α-helices in the central region of E1 form a helical bundle. However, E1 lacks a clear leucine zipper motif that would be indicative of a coiled coil. Moreover, E1 is unlikely to have a class I fold as it lacks key unifying features of class I proteins: E1 does not form trimers, is not subject to proteolytic activation, and does not appear to have an N-terminal fusion peptide. In fact, E1 cannot fold correctly or support cell entry without E2 [@bib0100], [@bib0105], [@bib0210], [@bib0215]. Thus, E2 appears to function as an essential molecular scaffold or chaperone to E1 as the fusogen [@bib0100], [@bib0105]. Consistent with this view, fusogenic pesti- or hepacivirus particles contain E1--E2 disulfide links, and virus particles with mutations disrupting E1--E2 interactions (or lacking E2) are not fusogenic [@bib0210], [@bib0220], [@bib0225], [@bib0230], [@bib0235]. Based on the structures of BVDV E2 and HCV E2, on available biochemical data, and on the amino acid sequences of E1 proteins, the possibility that pesti- and hepaciviruses utilize class I, class II, or class III architectures can now be ruled out. Hence, we propose that in pesti- and hepaciviruses, E1 defines a new class (or two distinct classes) of membrane fusion protein, and that E2 plays an accessory role as a molecular scaffold for E1.

Evolutionary implications of the structural relationships between fusion proteins from different virus families {#sec0025}
===============================================================================================================

The unexpected structural relationships between viral fusion proteins discovered in 2013 provide important insights on viral evolution. Viruses from the *Flaviviridae* family each have similar genetic organizations, coding strategies, morphologies, and cell entry pathways, suggesting that they might have evolved from a common virus ancestor ([Box 1](#tb0005){ref-type="boxed-text"} ). However, the discovery of novel folds in BVDV E2 [@bib0100], [@bib0105] and HCV E2 [@bib0110] implies that the envelope proteins of pestiviruses, hepaciviruses, and flaviviruses have different evolutionary origins. The discovery of a highly divergent class II fold in rubella virus glycoprotein E1 was also unexpected given that rubella virus belongs to the same *Togaviridae* family as alphaviruses, which have prototypical class II fusion proteins [@bib0055]. Rubella virus E1 is also the first class II protein to be identified that does not assemble into a rigid icosahedrally symmetric shell. Rubella virus only infects humans and is the first example of a virus with a class II fusion protein that does not alternate between arthropod and mammalian hosts. For these reasons, alphaviruses appear to be more closely related to flaviviruses than to rubella virus. Hence, an evolutionary model in which viruses within a given family evolved from a common ancestor virus seems overly simplistic.Box 1Outstanding questions•Do the E1 proteins from pestiviruses and HCV have similar folds, despite the different folds of E2 proteins from these two genera?•What is the molecular mechanism of membrane fusion in pestiviruses and HCV?∘What is the role of E2 in supporting the fusion activity of E1?∘Is E1 a fusion protein with a novel architecture, or does it bear resemblance to one or more of the known structural classes?∘Low pH is required but not sufficient for fusion in pesti- and hepaciviruses. What is the nature of the additional activation step required for fusion?∘What is the role (if any) of disulfide bond exchange in pestivirus cell entry?•Did pesti- and hepaciviruses evolve from a common ancestor virus genus?•What is the evolutionary origin of class I fusion proteins? Did they evolve from cellular SNARE proteins?•Did viral fusion proteins evolve by host-to-virus transfer of fusion protein genes?∘Do eukaryotes contain as yet unidentified ancestral fusion proteins with class II, class III, or pestivirus-like folds? If so, what are their cellular functions?•Can viral membrane fusion proteins be successfully targeted with small molecules or vaccines to treat and prevent infections?

Although fusion proteins within each class of fusion protein can have surprisingly divergent structures, proteins with a remarkable degree of structural conservation have also been identified in otherwise unrelated viruses. This was recently illustrated by the discovery of a class II fusion protein in RVFV, from the *Bunyaviridae* family, with striking structural similarity to flavivirus envelope proteins, which extends to the mode of protein dimerization in the outer icosahedral shell of the virus [@bib0060], [@bib0240]. The presence of class II fusion proteins in these two unrelated virus families reveals that the class II fold is more prevalent and widely distributed across virus families than previously anticipated. Similarly, fusion proteins with conserved class I and class III folds have been identified in viruses from unrelated families ([Table 1](#tbl0005){ref-type="table"} ). This type of structural and functional conservation among fusion proteins, even in the absence of significant amino acid sequence similarity, is strongly suggestive of a common evolutionary origin. But what is the nature of this link? The structural conservation of certain fusion proteins across virus families and the structural divergence of other fusion proteins within the same virus family both point to a new evolutionary paradigm for how these proteins evolved. It is tempting to speculate that rather than diverging from a common ancestor virus, fusion proteins may instead have evolved independently from ancestral cellular membrane fusion proteins with the same folds. For example, although pesti- and flaviviruses may have evolved from a common *Flaviviridae* ancestor virus, they evidently borrowed their fusion machineries from different sources. These could presumably be different host fusion proteins, but alternatively different virus species could conceivably have borrowed fusion proteins from each other during coinfections with multiple viruses.Table 1Comprehensive list of viral membrane fusion proteins for which atomic structures are available, and their structural and phylogenetic classificationsCoding strategyFamily[a](#tblfn0005){ref-type="table-fn"}Genus[a](#tblfn0005){ref-type="table-fn"}VirusFusion protein (PDB code)[b](#tblfn0010){ref-type="table-fn"}Receptor[c](#tblfn0015){ref-type="table-fn"}, [d](#tblfn0020){ref-type="table-fn"}Structural classPositive single-stranded(ss)RNA*Toga-*Alpha-Semliki forestE1 (1I9W, 1RER)Heparan sulfateClass IISindbisE1--E2 (3MUU)Heparan sulfateClass IIChikungunyaE1--E2--E3 (3N41)ProhibitinClass IIRubi-RubellaE1 (4ADI)MOGClass II*Flavi-*Flavi-Tick-borne encephalitisE (1SVB, 1URZ)Heparan sulfateClass IIDengueE (1OAN, 1OK8)Heparan sulfateClass IIWest NileE (2I69)Heparan sulfateClass IIJapanese encephalitisE (3P54)Hsp70Class IIPesti-Bovine viral diarrheaE1 (structure unknown)CD46New classHepaci-Hepatitis C virusE1 (structure unknown)CD81New class*Corona-*Betacorona-Murine hepatitisS (1WDF)Ceacam1Class INegative ssRNA*Orthomyxo-*Influenza-Influenza AHA (1HTM)Sialic acidClass I*Rhabdo-*Vesiculo-Vesicular stomatitisG (2CMZ, 2J6J)LDLRClass III*Bunya-*Phlebo-Rift Valley feverGc (4HJ1)DC-SIGNClass II*Filo-*Ebola-EbolaGP, GP2 (1EBO, 3CSY)TIM-1, NPC1Class I*Paramyxo-*Rubula-Parainfluenza 5F (1SVF, 2B9B)Sialic acidClass IMumpsF (2FYZ)Sialic acidClass IPneumo-Respiratory syncytialF (1G2C)NucleolinClass IAvula-Newcastle diseaseF (1G5G, 1USR)Sialic acidClass I*Arena-*Arena-GuanaritoGP2 (4C53)Transferrin receptor 1Class IRetroviruses*Retro-*Lenti-HIV-1gp120, gp41 (1GC1, 1AIK)CD4, CCR5Class IDouble-stranded DNA*Herpes-*Lymphocrypto-Epstein--BarrB (3FVC)CD21, integrins, MHC-IIClass IIISimplex-Herpes simplexB (2GUM)Heparan sulfate, Nectin-1, integrins, HVEMClass III*Baculo-*Betabaculo-*Autographa californica* nucleopolyhedro-Gp64 (3DUZ)UnknownClass III[^1][^2][^3][^4]

The conservation of an α-helical coiled coil architecture in class I viral proteins and in the SNARE family of intracellular vesicle fusion proteins provides a possible precedent for the evolutionary transfer of a structural membrane fusion fold between host and virus during evolution. Although similarities between class I fusion proteins and SNAREs have long been recognized [@bib0245], the link was strengthened by a recent study demonstrating that a paramyxovirus class I fusion protein resembles SNAREs in that it has α-helical transmembrane anchors in both membranes prior to fusion, with subsequent zippering of the coiled coils during fusion resulting in a bundle of helical hairpins that extends across the fused membrane [@bib0250], [@bib0255].

Fusion proteins from the other structural classes have not yet been identified in eukaryotes. However, if fusion proteins do in fact evolve as independent modules, they may have been hijacked from host cells by different viruses at different times throughout evolution. This would suggest that there are as yet unidentified membrane fusion proteins in eukaryotes with these folds.

If the virus-to-virus and host-to-virus horizontal transfer mechanisms described in this section are valid, the question of whether membrane fusion proteins can be transferred from viruses to their host arises. Indeed, there is evidence that this type of transfer has occurred. When retroviruses infect germline cells, copies of the viral genome integrated into the host genome often become fixed as inheritable endogenous retroviral sequences. Although most of these sequences are rapidly disrupted during evolution, a few endogenized retroviral genes have been conserved and still encode functional proteins. Over the past few years it has become clear that envelope glycoproteins from endogenous retroviruses have been domesticated by mammals to catalyze an essential membrane fusion reaction during placental development. These proteins, called syncytins, contribute to the formation of the placental fused cell layer called the syncytiotrophoblast, at the maternal--fetal interface (reviewed in [@bib0260]). Remarkably, the capture of syncytins has occurred independently from different endogenous retroviruses in various mammalian species including humans more than 10 million years ago [@bib0260]. Moreover, it is thought that the immunosuppressive domain embedded within retroviral envelope glycoproteins and conserved in syncytins may contribute to tolerance of the fetus by the maternal immune system [@bib0260]. There has also been speculation that the capture of a founding syncytin-like gene could have been instrumental in the dramatic transition from egg-laying to placental mammals [@bib0260].

Concluding remarks {#sec0030}
==================

In conclusion, the structural relationships that have recently emerged between envelope proteins across different virus families shift the paradigm for how these proteins evolved away from a divergent model with a common virus ancestor for each virus family. In the new evolutionary model, fusion proteins evolve as independent evolutionary units, transferring from host to virus, or from virus to virus in coinfected hosts. Hence, fusion proteins, and possibly other individual components in viruses, compete as 'selfish genes' [@bib0265], often crossing the boundaries between virus species or between virus and host.
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[^1]: Virus families end in '-viridae' and genera end in '-virus'.

[^2]: Only the first available or most representative PDB codes are listed.

[^3]: In many viruses a viral protein other than the fusion protein binds to the cellular receptor(s). For example, in pesti- and hepaciviruses, E2 binds to CD46 and CD81, respectively; in paramyxoviruses, the hemagglutinin-neuraminidase (HN) binds to the cellular receptor (most commonly sialic acid); and in herpesviruses, cellular attachment can be mediated by several glycoproteins including gC, gB, gD, and gH/gL.

[^4]: Abbreviations: MOG, myelin oligodendrocyte glycoprotein; Hsp70, heat shock protein 70; LDLR, low density lipoprotein receptor; DC-SIGN, dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin; TIM-1, T cell immunoglobulin and mucin domain 1; NPC1, Niemann--Pick C1; CCR5, C--C chemokine receptor type 5; CD, cluster of differentiation; MHC-II, major histocompatibility complex class II; HVEM, herpesvirus entry mediator.
